Abstract. Depth-dependent magnetism in MnSb(0001) epitaxial films has been studied by combining experimental methods with different surface specificity: polarized neutron reflectivity, X-ray magnetic circular dichroism (XMCD), X-ray resonant magnetic scattering and spin-polarized low energy electron microscopy (SPLEEM). A native oxide ∼4.5 nm thick covers air-exposed samples which increases the film's coercivity. HCl etching efficiently removes this oxide and in situ surface treatment of etched samples enables surface magnetic contrast to be observed in SPLEEM. A thin Sb capping layer prevents oxidation and preserves ferromagnetism throughout the MnSb film. The interpretation of Mn L 3,2 edge XMCD data is discussed.
Introduction
Magnetic and semiconducting materials in combination have a huge range of potential applications, from spintronic devices [1, 2] to optical isolators [3, 4] . Epitaxial compatibility between the materials is advantageous [5] and transition metal pnictides such as MnSb combine well with III-V semiconductors using molecular beam epitaxy (MBE) [6, 7] . Both for artifical multilayered magnetic structures and naturally occuring "layers" such as free surfaces, one often wishes to measure the magnetic behavior with both elemental and depth specificity. To give recent examples, magnetite (001) surfaces terminated with a monolayer of H retain their bulk-like spin polarization (SP) far more readily than the unpassivated surface [8] , while the Co 2 MnSi-MgO interface could be rendered free of minority spin interface states by the insertion of an atomic layer of Al in a particular layer ordering [9] . Such effects can only be studied in isolation by experimental techniques with appropriate depth sensitivity or elemental specificity.
Here we report a study of MBE-grown MnSb(0001) surfaces with and without passivation or cleaning. We combine polarized neutron reflectivity (PNR), spinpolarized low energy electron microscopy (SPLEEM), X-ray magnetic circular dichrosim (XMCD) by total electron yield (TEY) and X-ray resonant magnetic scattering (XRMS). These methods reveal the magnetic behaviour with differing depth sensitivity and as a function of surface termination. In PNR, reflectivity curves are fitted with magnetic and structural layer models. By contrast, the surface specificity of SPLEEM and TEY XMCD is defined by the inelastic mean free path (IMFP) of reflected electrons or photoelectrons respectively [10] , typically (0.5 -5) nm. In XRMS, reflected photons of different polarizations provide a magnetic signal whose depth sensitivity is more complicated, but when the photon energy is a little below an absorbtion resonance one expects to probe the whole of a ≤100 nm thick film. These techniques are therefore highly complementary for studies of thin-film magnetism, offering insight into the roles of surface and interfaces.
MnSb is ferromagnetic (FM) with a Curie temperature T C 587 K. Half-metallic pnictides are especially promising since their SP at the Fermi energy may approach 100% [11, 12, 13] . While understanding the temperature dependence of their SP remains crucial to exploiting these materials in room-temperature devices [14] , it is known that the surfaces [15] and interfaces [16, 17] of half-metals may fail to show high SP even at cryogenic temperatures due to localized minority spin states. A severe problem in understanding these effects has been disentangling fundamental properties from the role of defects, disorder and magnetic inhomogeneity [18] . While excellent single crystal surfaces can be prepared by MBE, the native oxides are difficult to remove without affecting the stoichiometry [19] , morphology [20] and magnetization [21] . We examine here the effects of simple passivation or chemical etching on the near-surface magnetism in MnSb(0001) at room temperature.
Experimental details
MnSb(0001) films of varying thickness (50 nm to 1 µm) were grown on GaAs(111)B substrates using MBE [6] . Sb-capped samples were prepared by cooling to 520 K from the growth temperature of 690 K before exposing to 2×10 −4 Pa beam equivalent pressure of Sb 4 for 2 minutes. All samples were removed from the MBE chamber without special precautions and were typically exposed to ambient air for several weeks. Electron and X-ray diffraction confirmed the single crystal epitaxy of the films, with MnSb [0001] parallel to GaAs [111] and MnSb [2110] parallel to GaAs [110] . The Sb caps were partly crystalline and epitaxial, and typically several nm thick. Volume-averaged magnetic characteristics were measured by conventional vibrating sample magnetometry (VSM) and superconducting quantum interference device (SQUID) magnetometry. The effects on the sample surface morphology of the different surface preparation methods were also examined by atomic force microscopy (AFM), using an Asylum Research MFP-3D microscope operating in tapping mode. Root-mean-square (RMS) surface roughness values are given based on 5 µm topographs.
The PNR measurements were made on the ADAM beam line at the Institut LaueLangevin. Specular reflectivity was measured in ambient air at room temperature for several untreated MnSb epilayers of known thicknesses (around 200 nm). The neutron beam was aligned close to a MnSb [1100] direction. The neutron wavelength was 4.4Å and measurements were made at both saturation (1500 Oe) and remanence. Polarization analysis was performed on the reflected beam, yielding "uu" and "dd" channels, where the incident neutron spin was unchanged, as well as the spin-flip channel (not shown). The experiments were restricted to native oxide-covered samples since a vacuum environment was not available.
X-ray experiments were performed at beamline X13A of the National Synchrotron Light Source [22] (NSLS) which reverses the helicity of the 70% circularly polarized X-ray beam at 22 Hz. The sample is held in vacuum and a magnetic field of up to 0.2 T can be applied by an electromagnet, in-plane parallel to the X-ray beam. Pairs of X-ray absorption spectra (XAS) were obtained at room temperature (RT) at H = ± 0.2 T, with each pair averaged to remove experimental artefacts. These were measured by both TEY and reflectivity simultaneously (no change of sample conditions), with XMCD and XRMS derived from these spectra respectively. Photons were incident at between 8
• and 30
• to the surface plane. Uncapped MnSb epilayers were measured prior to and after a 40 s etch in 10 M HCl solution [19] . Data for Sb-capped samples were obtained without further post-growth treatment.
The SPLEEM measurements were performed at the National Center for Electron Microscopy using a dedicated microscope [23] with ∼10 nm lateral spatial resolution and fully adjustable SP vector (SP 30%) operating in ultra-high vacuum (UHV). Experiments were performed on 10 s HCl-etched samples which were degassed at 400 K for several hours then Ar ion sputtered for ≤5 minutes (energy ≤2 keV, beam current ≤10µA) before introduction to UHV. AC demagnetization could be performed with a 50 Hz alternating in-plane field. Samples were annealed to increasing temperatures during LEEM imaging in UHV. Since the temperature was measured by a thermocouple in contact with a Mo sample clamp rather than the sample itself, there is significant systematic uncertainty (±50 K) in the absolute surface temperature. The low energy electron diffraction (LEED) pattern was also checked after different surface treatments.
Results and discussion
We first discuss the surface morphology of the films as a function of surface preparation. After storage in ambient air for several weeks, uncapped MnSb(0001) epilayers are oxidized [19] and covered in organic surface contamination, producing cloudy-looking AFM topographs with sub-micron sized clusters as shown in Fig. 1(a) . The RMS roughness of such samples was between 0.9 nm and 1.90 nm. The contamination is readily removed by ultrasonic cleaning in acetone, which reveals very flat (RMS roughness 0.5 nm) epilayer surfaces with some sub-micron sized pits and mesas [ Fig In Figs. 2 and 3 we show typical results for MnSb epilayers from VSM and SQUID magnetometry respectively. The expected FM behaviour appears in all the films studied. Fig. 2 shows room temperature hysteresis loops from a 1 µm thick film (the main loops include a small diamagnetic contribution from the GaAs substrate). Inset is shown an in-plane hysteresis loop at low external field with substrate correction applied. The coercive field is 14.9±0.5 Oe. The coercive fields are larger when aligned along the perpendicular direction, MnSb [0001], while they are identical along the in-plane [2110] and [1100] directions. This uniaxial anisotropy is in agreement with both first principles calculations [24] and the experimental magnetocrystalline anisotropy [25] . High quality epilayers more than ≈50 nm thick typically show in-plane coercivities below 20 Oe but we observe no correlation between film thickness and coercivity. Probably due to the high quality and uniformity of our films, these values of coercivity are significantly lower than those found by other groups for MnSb films grown on other substrates [26, 27, 28] . For example, Low et al. [27] measured coercivities between 257 Oe and 571 Oe for granular MnSb films grown by hot wall epitaxy on GaAs(001), which showed no out-ofplane hysteresis. The saturation field is much higher in the [0001] direction, typically 1.7×10
4 Oe compared to ∼100 Oe in-plane. The Curie temperatures of several films were measured in an external field (e.g. Fig. 3 ) and fell in the range T C = 589 ± 5 K with no discernible dependence on the field. However, after heating to high temperatures in the SQUID magnetometer, thinner MnSb films lost their magnetization permanently. An example is shown in the inset of Fig. 3 , where a 50 nm thick film was heated to 700 K and then cooled. On cooling, magnetization did not reappear. Although MnSb oxidizes readily [19] , the background gas pressure in the SQUID is dominated by He. Furthermore, scanning electron micrographs (not shown) indicate considerable disruption of the previously very flat films, which are too rough to image by AFM. We therefore attribute the loss of magnetization to the physical decomposition of the MnSb films at high temperature rather than to oxidation. We now move on to depth-sensitive magnetic measurements. Typical PNR data are shown in Fig. 4 for a MnSb sample of thickness 235 nm ±10 nm. The difference between the uu and dd curves shows the strong FM contribution to the PNR. Since the two reflectivity curves are coincident close to the critical angle (q z ≈ 0.012Å −1 ), a non-magnetic surface layer is clearly present. The data were fitted using the GenX code [29] and the full structure could be described with just three layers. These were a semi-infinite GaAs substrate, a FM MnSb layer and a non-magnetic surface layer which was modelled as MnO [19] . The interface and surface roughness values for these layers were unconstrained, as was the thickness of the MnO surface layer (7 nm ± 5 nm), while the total thickness of MnSb plus surface layer (245 nm ± 7 nm) agreed with electron microscopy measurements (235 nm ± 10 nm). The MnO layer had RMS surface roughness values around 3 nm, although there was no measurable roughness at the GaAs-MnSb interface. The total spin moment of the MnSb was unconstrained and gave a value of (3.5±0.15)µ B , in agreement with previous determinations [30] . Our picture of the MnSb-GaAs(111) epilayers is therefore quite simple: a uniformly magnetized MnSb layer has a very sharp interface to the GaAs substrate and there is a rough, non-magnetic native oxide layer several nm thick. The MnSb epilayers were investigated further using X-ray measurements, where the vacuum sample environment allowed chemically etched surfaces to be measured without significant re-oxidation. In Fig. 5(a) we show the Mn L-edge XAS measured by TEY before and after 40 s HCl etching for an uncapped sample (A), as well as for an Sb-capped sample (B). The spectra were normalized to the photon flux, which was incident 30
• to the surface, and have then been scaled for clarity. The intensity for sample A before etch is about 5 times greater than for sample A post-etch or for sample B. The reduction of normalized TEY intensity in sample A after etching is principally due to the increased RMS surface roughness from ≤1 nm to around 10 nm (c.f. Fig. 1 -in general we found that longer acid etches produced rougher MnSb surfaces). It is clear that the higher photon energy components of both the L 3 and L 2 edges of sample A are markedly reduced after the HCl etch. Due to the high surface specificity of the TEY measurement, this reduction of a higher energy component indicates the loss of surface-localized Mn bound to an element of higher electronegativity than Sb. We attribute this to the removal of the Mn-rich native oxides by the etch, which is consistent with our previous x-ray photoelectron spectroscopy (XPS) work [19] . Importantly, the TEY spectrum for Sb-capped sample B is very similar to that of the etched sample, indicating that the Sb cap has passivated the surface against the formation of Mn-rich native oxides.
In Fig. 5 Experimental data are shown as circles (• is uu channel, • is the dd channel) while the solid lines are fits generated using a simple three-layer model described in the text.
before and after etching and for sample B. The FR is defined as being [I r − I l ]/[I r + I l ] where I r (I l ) is the signal from right (left) circularly polarized light. Very similar FR spectra are observed in XMCD and XRMS. It is clear that the untreated sample A shows no dichroism. Since the TEY measurement is highly surface-specific due to the short IMFP of the photoelectrons, this result is consistent with the presence of a non-FM film of Mn oxides at the surface. Using a value of 1.5 nm for the IMFP of a 650 eV photoelectron in MnO 2 [10] and assuming 95% attenuation in 3 IMFPs, the thickness of the oxide layer is estimated to be ≥4.5 nm, in good agreement with both our previous angle-dependent XPS determination of 4.6 nm [19] and the PNR results. After the etch a strong TEY dichroism signal is observed for sample A, indicating that FM behaviour is restored in the near-surface region due to removal of the oxide [19] . due to residual oxide near the surface from two different surface passivation methods. Preliminary X-ray reflectivity experiments indicate Sb cap thicknesses of (4±2) nm, but no detailed correlation of cap thickness and surface magnetic response in TEY has been attempted. The integrated intensities of the L 2,3 edges can be related to the spin S z and orbital L Z expectation values via sum rules, but application to early 3d transition metals such as Mn is known to be problematic [32, 33] . The sum rules demand that the L 2,3 edges are well separated such that the intensity of the TEY FR can be unambiguously assigned to each L edge. However, the electrostatic interactions bewteen ionized core levels and valence levels (2p -3d) are of similar magnitude to the spin-orbit coupling of the 2p states, causing jj mixing between the 2p 1/2 and 2p 3/2 channels [34, 35, 36] . Unambiguous assignment is difficult, although previous studies of elemental Mn on ferromagnetic substrates [35] indicate that the problem can be overcome by multiplying by 1.5 the spin expectation value derived from the sum rules. Using this approximate correction factor, the orbital-to-spin ratio L z / S Z for the Sb-capped MnSb samples was found to be 0.11±0.01. This is consistent with that found by Kimura [37] despite the different Mn environments. Recently, Krumme et al. [38] studied Cu 2 MnAl using XMCD, and using the correction factor for jj mixing found magnteic moments consistent with theory. However, there were persistent differences between the experimental and calculated Mn XMCD lineshapes apart from the integrated intensity ratio: in particular the calculated L 2 edge position is at too low an energy by 1-2 eV and the nonzero intensity between the main peaks is poorly reproduced, even in sign. Interestingly, our own preliminary density functional theory (DFT) calculations of XMCD for MnSb, using the same code as Krumme, show very similar discrepancies compared to the experiment. Krumme et al. suggested that electronic correlations could be responsible for the spectral changes [38] , which is also possible for MnSb. In the present case we can rule out surface effects as a source of the spectral features due to the high similarity of the XMCD and XRMS dichroism. Hysteresis loops derived from both TEY and XRMS are shown in Fig. 6 for sample A. The FR was measured at a photon energy just below the Mn L 3 resonance, as a function of applied magnetic field at RT. No magnetic signal is observed in the TEY FR for the untreated oxidized sample, as expected from the results shown in Fig. 5(b) . However, the oxidized sample shows clear hysteresis in the XRMS with a coercivity of 65 Oe. Due to the lower surface specificity of the XRMS signal the FM response of the underlying MnSb layer is still observed. After etching the coercive field is reduced to 40 Oe and the magnitude of the XRMS FR at saturation increases. The latter change arises since the difference term of the FR remains similar due to the FM MnSb but the sum term no longer includes the contribution from the non-magnetic oxide layer. The TEY FR also shows hysteresis with the same coercive field of 40 Oe after etching. The similar shape and coercivity of the XRMS and TEY loops indicates a rather uniform magnetic response through the film: residual contamination, nonstoichiometry or roughness are not affecting the near-surface magnetic behavior.
Competition between FM and anti-FM exchange interactions has previously been inferred from SPLEEM for Fe-NiO multi-layers [39] and similar interfacial exchange interactions between MnSb and Mn oxides, such as locally randomized exchange bias, are likely to cause the increased coercive field in the oxidized films. While NiO is widely used for RT exchange bias in magnetic multi-layers, stoichiometric Mn oxides are paramagnetic at RT. Anti-FM behaviour has been observed above the bulk Néel temperature in defective MnO [40] and such effects may occur in the non-stoichiometric ultra-thin film native oxides present in these samples. After the HCl etch, Mn does not re-oxidize to sufficient thickness to support interfacial exchange interactions and so the coercivity of the unbiased MnSb film is observed. These results suggest the possibility of deliberately tuning the properties of Mn pnictide films by controlled oxidation in a magnetic field.
Samples for SPLEEM showed a diffuse MnSb(0001)-(1×1) LEED pattern after etching, degassing and Ar sputtering. After raising the temperature to 675 K, the LEED pattern showed a sharp (2×2) symmetry as expected for MnSb(0001) [6] . However, samples initially showed no magnetic domain contrast, possibly indicating the presence of a single FM domain much larger than the microcope's field of view. After annealing to 520 K and AC demagnetization, magnetic domains were observed and a typical SPLEEM image is shown in Fig. 7 . The contrast (vertical scale bar) is a FR analagous to the Xray measurements, i.e. the normalized intensity difference between consecutive LEEM images with opposite in-plane SP. Magnetic domains are clearly visible in Fig. 7 as broad light and dark features on the image. The highest magnetic contrast was observed at an electron energy of 6.0±0.2 eV with respect to the Fermi energy. Systematic changes of the SP vector indicated that the magnetization of the domains was purely in-plane. The surface specificity of the SPLEEM measurement is even higher than that of the TEY XMCD since the IMFP for electrons of a few eV energy is extremely short, and the SPLEEM data clearly indicate that the ferromagnetism of the MnSb film persists to the surface.
In Fig. 8 are shown four LEEM images of MnSb during annealing to increasing temperatures in UHV. Contrast arises due to local chemical inhomogeneities at the surface as well as from interference effects due to surface topography. The surface does not change significantly in the annealing temperature range 520 K to 580 K. At higher temperatures, dark features appear in the images, which we interpret as local thermal decomposition of the MnSb film. Some of these features can be seen to grow during in situ imaging, such as the bottom left feature in panels (c) and (d) of Fig. 8 . Extended annealing at a fixed temperature of 630 K also showed the growth of dark patches in LEEM images. Annealing to 750 K resulted in more rapid changes of the surface morphology and complete degradation of the MnSb film structure. These UHV results are consistent with the complete loss of magnetization for thin epilayers after annealing to 700 K in the SQUID magnetometer (Fig. 3 inset) . Further work is needed to clarify the thermal stability of the films under different conditions (UHV, inert gas, ambient, etc.). Nonetheless, these results show that structurally ordered FM surfaces of etched MnSb films can be re-prepared in UHV; such surfaces would, for example, be suitable for epitaxial overgrowth of other materials or ordered molecular adsorption studies.
Conclusion
We have investigated the magnetism of MnSb(0001) thin films using PNR, XMCD, XRMS and SPLEEM. The differing surface specificities of the techniques provide a depth-dependent characterization of the thin film magnetism, in particular including the effects of the surface oxide. The native oxide of MnSb is Mn-rich, ∼4.5 nm thick and can be removed by a simple HCl etch or prevented from forming by a thin Sb capping layer. The MnSb-GaAs and MnSb-oxide interfaces are sharp but longer HCl etches increase the surface roughness. Increased coercivity for oxidized MnSb films may be due to local interface exchange bias by the surface layer of Mn oxides. After HCl etching and gentle surface treatment in UHV, in-plane magnetized domains on MnSb(0001) were observed by SPLEEM. Although heating to ≥630 K begins to damage the film, ordered MnSb surfaces showing FM behaviour can be prepared in this way. Etched Mn pnictide films could be used as substrates for epitaxial overgrowth even after air exposure or processing, and could have their magnetic properties tuned by controlled oxidation. The total magnetic moment and orbital-to-spin ratio for Mn were found to be consistent with previous determinations. While the detailed spectral features associated with Mn XMCD remain difficult to intrepret, as is the case for other Mn-containing alloys, we can rule out surface effects as a source of the fine structure.
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